The influence of hot conditions on 12-week-old turkey hens and 16-week-old toms while crated at transport density was evaluated. Forty-eight hens and 48 toms (8 birds per flock × 3 flocks × 2 humidity levels) were used in neutral treatments (trt; 20
× 1 flock × 2 humidity levels) were used in the hot trt (35
• C). Birds were placed in crates at a transport stocking density of approximately 83 kg/m 2 , then inside a pre-conditioned chamber for 8 hours. Live shrink, core body temperature (CBT), heterophil/lymphocyte (H/L) ratio, and breast and thigh pH and color were recorded. Differences were declared significant at P ≤ 0.05. Live shrink after exposure to the 35
• C trt (4.92%) was greater (P < 0.0001) than when birds were exposed to 20
• C (1.48%). The 35
• C trt (P < 0.0001) had higher Δ CBT (final minus initial) compared to the 20
• C trt.
The 35
• C trt also caused higher (P < 0.0001) H/L ratio, 4.07 vs. 1.57 for the 20
• C trt. Breast (P = 0.0110) and thigh pH levels (P < 0.0001) measured 27 h postmortem were lower for the 35
• C trt at 5.64 and 5.73 compared to the 20
• C trt at 5.70 and 5.92, respectively. Breast meat from birds exposed to 35
• C was darker (P < 0.0001), while the color of thigh meat was unaffected. Toms quickly became distressed in the hot conditions, forcing those tests to be aborted. Only CBT data were analyzed. The CBT increased at a mean rate of 0.09
• C/min for hens at both RH levels, while the CBT of toms increased at 0.12 and 0.18
• C/min when exposed to 35
• C, 30%; and 35
• C, 80%, respectively. Exposure to hot temperatures caused higher CBT, greater live shrink, and greater H/L ratio. Toms were more greatly affected than hens to the hot trt, with CBT increasing at a greater rate.
INTRODUCTION
To date, there is limited research reported on the effects of heat stress in turkeys (Froning et al., 1978; Babji et al., 1982; McCurdy et al., 1996; McKee and Sams, 1997; Mills et al., 1999) , while there is a more comprehensive understanding of its effects on broilers (Yahav et al., 1997; Petracci et al., 2001; Sandercock et al., 2001; Lin et al., 2005; Warriss et al., 2005; Aksit et al., 2006; Dadgar et al., 2010) . While physiological differences are obvious between broilers and turkeys, knowledge of heat stress in broilers may help to direct work involving heat stress in turkeys.
Birds that are dead on arrival (DOA) after transport to a slaughter plant can be used as an indicator of welfare (Jacobs et al., 2016) , and heat stress on the birds can be a major cause of DOAs, with as much as 40% being attributed to this stressor (Bayliss and Hinton, 1990; Warriss et al., 2005) . Heat stress during transport can occur year round, during hot and cold ambient conditions. Paradoxically, birds may be exposed to cold stress and heat stress on the same trailer, during cold ambient conditions. Typically, passively ventilated trailers, with the sides covered by tarps, present temperatures close to ambient near the tarps, while warm, humid conditions develop in the core (Hunter et al., 1997; Mitchell and Kettlewell, 1998; Schwartzkopf-Genswein et al., 2012) . Research has shown that the temperature at the thermal core of a load can be upwards of 45
• C warmer than ambient (Mitchell and Kettlewell, 1998; Burlinguette et al., 2012) . Previous studies have consistently identified temperature gradients in tarped, passively ventilated poultry transport trailers (Knezacek et al., 2010; Burlinguette et al., 2012; Hui, 2013) . Findings from these research reports demonstrate temperature and humidity heterogeneity with cold spots near outside edges and rear and hot spots near the core of the trailer. A bird's thermoneutral zone is defined as the "range of ambient conditions under which a bird can control its body temperature without altering its metabolic rate" (Schwartzkopf-Genswein et al., 2012).
If the exposure temperature rises above the upper critical temperature, hyperthermia can occur due to an inability to expel sufficient body heat (SchwartzkopfGenswein et al., 2012) . Birds respond to heat stress with thermoregulatory behaviors, including convective heat loss (wing droop, extended neck) and evaporative heat loss (panting; Warriss et al., 2005) . However, panting can lead to increased blood carbon dioxide levels and higher blood pH (alkalosis; Lara and Rostagno, 2013) and even death. Changes in bird physiology, behavior, and meat quality can be observed, which have both welfare and economic implications.
It has been suggested that heat stress can cause physiological changes to live shrink, core body temperature (CBT), and the heterophil/lymphocyte ratio (H/L ratio), as well as meat quality changes (Yahav et al., 1997; Petracci et al., 2001; Sandercock et al., 2001; Lin et al., 2005; Aksit et al., 2006; Dadgar et al., 2010; Sporer et al., 2012) . Meat quality changes provide insight into the biological and, more specifically, the metabolic changes that are occurring to poultry during transportation. Meat quality can be compromised if accelerated postmortem glycolysis and biochemical changes occur in muscle Sams, 1997, 1998) . The ultimate result is pale, soft, exudative (PSE) meat, which results from extensive protein denaturation (McKee and Sams, 1997) . The decline in pH with heat stress is the result of the breakdown of glycogen to lactic acid, ultimately causing a buildup of lactic acid in muscles (Lawrie, 1991) . The paler color is attributed to denaturation of sarcoplasmic proteins, which causes increased light scattering in muscle (Lawrie, 1991) .
Studies demonstrate that turkeys experience increased CBT (Mills et al., 1999) , paler meat (Babji et al., 1982; McCurdy et al., 1996; McKee and Sams, 1997) , and lower pH, water holding capacity, and cook loss (Babji et al., 1982) when heat stressed. Broiler chicken research is more comprehensive, illustrating bird physiological (Yahav et al., 1997; Petracci et al., 2001; Sandercock et al., 2001; Lin et al., 2005; Warriss et al., 2005; Aksit et al., 2006) and meat quality changes (Petracci et al., 2001; Aksit et al., 2006; Dadgar et al., 2010) . Physiological changes include elevated CBT (Yahav et al., 1997; Sandercock et al., 2001; Lin et al., 2005) , greater live shrink (Petracci et al., 2001) , and higher H/L ratio (Aksit et al., 2006) . Similar to turkeys, lower pH and paler (higher lightness value; L * ) meat were evident after heat stress (34 • C; Aksit et al., 2006 ). Although we may be able to extrapolate data from broilers to turkeys, the birds differ in terms of metabolism, feathering, size, and age at transport, and thus further research is warranted to determine the effects of hot temperatures on turkeys during transportation. The objective of this study was to determine the impact of hot exposure conditions (temperature and relative humidity) on 12-week-old turkey hens and 16-week-old toms crated at transport density.
MATERIALS AND METHODS
All experimental procedures followed the Guide to the Care and Use of Experimental Animals (Canadian Council of Animal Care, 1993) and were approved by the University of Saskatchewan Animal Care Committee.
Hen Data Collection
Hens were transported from the producer's farm and kept for 5 d in a livestock facility on campus (University of Saskatchewan, Saskatoon, SK, Canada) prior to testing. During those 5 d, birds were randomly assigned to straw-covered pens and received water and feed obtained from the producer ad libitum. The lighting schedule was 16 h light at approximately 5 lux and 8 h dark, with the room temperature maintained between 13 and 16
• C. On the d of testing, birds experienced feed withdrawal and water withdrawal of 12 and 10 h, respectively, prior to slaughter.
Sixty-four 12-week-old Hybrid Converter hens were used (16 hens from each of 3 flocks for neutral treatments and 16 hens from one flock for hot treatments). Bird age was determined by market age of turkeys in western Canada, which is typically 12 wk for hens. Sixteen birds were randomly assigned to one of 2 hot treatments: 35
• C with 30 or 80% relative humidity (RH), and 48 birds were assigned to neutral treatments at 20
• C with 30 or 80% RH. Treatment conditions were chosen based on conditions reported on commercial trailers in previous broiler research (Mitchell and Kettlewell, 1998; Knezacek et al., 2010; Burlinguette et al., 2012; Hui, 2013) . Initial data were collected prior to the birds' being placed in purpose-built crates. Eight birds, each identified with wingbands, were placed in one of 2 crates (83 kg/m 2 ) for each treatment and transported (less than a km) from the holding barn to a staging area in the Engineering Building on the U of S campus. The birds remained in this dark, quiet area one h prior to chamber entry.
Birds were exposed to treatment conditions for 8 h in an environmental chamber (College of Engineering, University of Saskatchewan, Saskatoon, SK, Canada). While birds were in the chamber, exposure conditions at bird level were monitored in real time, and changes to the temperature or humidity set points of each chamber's control system were made, if necessary, to ensure the desired exposure conditions. Additionally, data loggers (Lascar EL-USB-2-LCB+ data logger, Lascar Electronics, Erie, PA) recorded temperature and humidity levels at the bird level and at the rear and front of the chamber once each min during each test.
Core Body Temperature Prior to chamber entry, hens were given a miniature data logger (DS1922L, Maxium Integrated, San Jose, CA), which was ingested into the crop or gizzard and removed at the time of evisceration. Data loggers were programmed to record core temperature readings every min over the one-hour lairage and 8-hour test periods. CBT difference was calculated for each hen by subtracting the mean CBT during lairage from the mean CBT during the last h of the test.
Live Shrink Hen body weight was recorded prior to loading in the crate and after chamber exposure using a digital scale (50# digital scale, Berkley, Columbia, SC). Live shrink was calculated by subtracting the final weight from the initial weight, dividing by the initial weight, and multiplying by 100% to express the final value as a percentage.
Meat Quality Measures
Breast and Thigh pH Hens were slaughtered using techniques consistent with commercial practices immediately after chamber exposure in a small-scale laboratory processing line. In brief, hens were stunned (VS200, Midwest Processing Systems, Minneapolis, MN) for 30 s on power setting 5 (circa 0.16 amps, 60 Hz AC), the jugular vein was severed, and the carcass was scalded (68
• C), plucked, eviscerated, and rinsed. Following this, initial (15 min) breast pH measures were recorded using a pH electrode (Accumet 915 pH meter, Fisher Scientific, Ottawa, ON, Canada) with a portable pH meter and accompanying temperature probe (Hanna H1 9025 microcomputer pH meter, North Highlands, CA). A small slit was made in the ventral upper left pectoralis muscle to obtain pH probe readings. At this time, a pectoralis major core sample also was extracted from the ventral upper left pectoralis muscle (next to the location of the pH probe reading) of each carcass using a metal corer, wrapped in tin foil, frozen in liquid nitrogen to halt muscle metabolism, and stored at −80
• C until the slurry method (Stewart et al., 1984) was performed. For the slurry method, 5-g (+/−0.05 g) samples of diced breast meat were placed in 20 mL of distilled water and homogenized, and the previous pH probe was used to obtain a reading. If a sufficient sample was not available, one g of breast meat was processed with 10 mL of distilled water.
After initial breast pH readings were recorded, carcasses were initially cooled in an ice water bath for approximately one h prior to being packed on ice and stored at 4
• C. At 27 h postmortem, final breast pH was obtained similar to initial breast pH measurements with the probe and slurry methods. Final thigh pH also was recorded at 27 h postmortem with the same pH probe as used on the breast, by making a small incision in the upper portion of the thigh.
Breast and Thigh Color Color measures for the breast and thigh were recorded 27 h postmortem. The carcasses underwent blooming for approximately 30 min by parting the skin and making a long incision vertically to expose the major and minor pectoral muscles for the breast and cutting the thigh ventrally to allow exposure of the femoral head. The process of blooming occurs as the exposed muscle tissue binds oxygen from the air to tissue myoglobin, forming oxymyoglobin and stabilizing the color in line with consumer expectations and industry practice (Young and West, 2001) . After the blooming process, 2 color readings were obtained from the right upper pectoralis major muscle and thigh using a color meter (Minolta Chroma Meter, RC-400, Minolta, Ramsey, NJ) and SpectraMagic NX Software. The meter was rotated 90 degrees between readings, and the readings were averaged for each recording. The color readings obtained were converted by the software using illuminant source C at a 2˚setting to determine a * , b * , and L * (redness, yellowness, and lightness, respectively) color values.
H/L Ratio After exsanguination, approximately 4-mL blood samples were obtained from the severed jugular vein of each hen in 5 mL EDTA tubes. Samples were placed on ice, and approximately one h later, 2 blood smears for each hen were prepared using heparinized capillary tubes and the 2-slide wedge method. Slides were allowed to dry for at least 48 h before being stained with Ricca Wright-Geimsa stain (Cat. No. 9380) and Ricca Giordana buffer solution (Cat. No. 1450), according to staining procedures supplied by the manufacturer (Ricca Chemical Company, Arlington, TX). The H/L ratio was determined by counting 100 leukocytes 3 times on each of the 2 slides per hen using 1000x magnification and an oil immersion lens.
Statistical Analysis
A 2 × 2 factorial comparison was conducted on the main effects of temperature and RH, and their interactions were analyzed using Proc Mixed of SAS (SAS 9.3, Cary, NC) as a completely randomized design (CRD). The experimental model was Y = μ + T + RH + T * RH + e, where:
Y is the observation from dependent variable, μ is the population mean of variable, T is the temperature effect (fixed), RH is the relative humidity effect (fixed), T * RH is the interaction effect between temperature and relative humidity, and e is the random error associated with observations.
The experimental unit was bird. The DDFM Kenwardroger option was used for approximating the degrees of freedom for means, and tukey tests were used for multi-treatment comparison. Means present in tables were obtained from the least squared means (lsmeans) option. Percentage data were log transformed (log+1) prior to analysis when data were not normally distributed. Significance was declared at P ≤ 0.05.
Tom Data Collection
Sixty-four 16-week-old turkey toms also were included in the experiment, and they were prepped in the same manner and exposed to the same treatments as previously described for hens. Similar to hens, bird age was determined by the market age of turkeys in western Canada, which is typically between 16 and 18 wk for toms. During exposure to the hot conditions, toms quickly became distressed, and we were forced to intervene and discontinue the tests prior to 8 h of chamber exposure. Eight toms were exposed to 35 • C and 30% RH for 7 h, and another 8 toms were exposed to 35
• C and 80% RH for only 4 hours. Data were, therefore, unavailable to conduct statistical comparisons between hot and neutral treatments. It is noteworthy, however, to observe the rise of the core body temperatures of the toms, while being exposed to the abbreviated hot treatments.
RESULTS

Hens
An interaction was present between temperature and humidity for change in CBT (ΔCBT; P = 0.0463; • C trt, 1.54 for 30% RH and 1.60 for 80% RH.
Meat quality changes (Table 2 ) included a lower initial (P = 0.0001) and final (P = 0.0141) breast pH using the slurry method, as well as final breast pH using the probe method (P = 0.0110) for hot conditions (6.14 vs. 6.54, 5.60 vs. 5.64, and 5.64 vs. 5.70, respectively). Similar to breast, final thigh pH (P = 0.0001) was lower for the hot conditions 5.73 vs. 5.92, respectively. In addition to pH changes, breast meat color became darker (L * was significantly lower) for the 35
• C treatments (48.92) compared to 20 • C treatments (51.18; P = 0.0001), but was not significantly affected by humidity. There was a significant (P = 0.0037) interaction between RH and temperature on breast redness * , indicating that high temperature and low RH in combination caused a significantly higher redness index than neutral conditions, whereas high temperature with high RH did not cause significantly higher redness than the neutral conditions (Table 3) . Thigh color (L * , a * , and b * ) did not show a significant response to the different treatments. Core body temperature differences (core temperature-baseline) of hens and toms exposed to 35 • C treatments. Eight birds were used to obtain averages for all treatments. Note: 35
• C 30% RH treatment of toms was halted after 7 h, and the 35 • C 80% RH treatment of toms was halted after 4 hours.
Toms
Figure 1 presents the CBT difference, baseline temperature subtracted from the CBT during exposure to the test conditions, of hens and toms exposed to 35
• C at 1ow (30%) and high (80%) RH. Core temperatures started to rise shortly after the initiation of the treatments at time 0:00. The initial average rate of CBT increase for hens, when exposed to both humidity levels, was 0.09
• C per min, while the average rate of CBT increase for toms was 0.12, and 0.18
• C per min when exposed to 35
• C, 80%, respectively. The data in Figure 1 represent the mean core body temperature difference values from 8 birds for each treatment.
DISCUSSION
Changes in physiological and meat quality measures were evident between treatments, with temperature being a more influential factor than humidity, as seen in the majority of measures except H/L ratio, and interaction effects with CBT and breast redness. These results are inconsistent with previous literature, which reported the absence of a humidity effect on turkeys (Xin et al., 1992; Yahav et al., 1995) , speculating that the lack of effect is due to differences in adrenal physiology between broilers and turkeys (Yahav et al., 1995) . There are differences in the action of angiotensin II, which controls fluid and electrolyte balance (Yahav et al., 1995) . This hormone controls aldosterone secretion (Kocsis et al., 1994) in turkeys and broilers, but it is not active in the adrenal gland (Rosenberg et al., 1988) . Another difference observed between the 2 species was that broilers develop respiratory alkalosis at low and high RH levels, while there was no effect on acid-base balance in turkeys (Hurwitz et al., 1983; Yahav et al., 1995) .
CBT increased considerably in the hot treatments (1.81
• C for 35
• C and 30% RH and 2.54
• C and 80% RH compared to 0.35
• C for 20
• C and 30% RH and −0.08 • C for 20 • C and 80% RH), suggesting hens were experiencing hyperthermia. Hyperthermia occurs when the capacity of a bird's thermoregulatory mechanisms to cope has been exceeded (Yahav et al., 1995) . Previous broiler studies have demonstrated an increase in CBT following exposure to hot conditions (Donkoh, 1989; Toyomizu et al., 2005; Warriss et al., 2005) . Although these studies did not specifically account for humidity, Warriss et al. (2005) predicted that high humidity levels would reduce the effectiveness of panting. While this may be logical, turkey hens did not show a significant response to humidity, but did when considering the temperature and humidity interaction in the present study. On the contrary, Yahav et al. (1995) observed no affect of humidity on core temperature of turkeys.
It has been well documented that broilers experience greater live shrink, on the order of 3 to 5%, when exposed to hot conditions (exposure temperature 29 to 34
• C) during transport (Holm and Fletcher, 1997; Petracci et at., 2001; Mitchell et al., 2003) . These levels are in agreement with this study, where turkey hens experienced 4.92% live shrink when exposed to 35
• C. While exposed to this high temperature, birds are experiencing increased energy demands, resulting in panting and ultimately dehydration (Dawson and Whittow, 1994; Yahav et al., 1995; Yahav et al., 1997) . Furthermore, weight loss while feed and water have been withheld will be accelerated during hot conditions and can be an indicator of metabolic stress. Weight loss is logically undesirable and may represent both welfare and economic implications.
In the presence of a stressor, the number of lymphocytes is reduced and the number of heterophils increases (Zulkifli and Siegel, 1995) , consequently causing an increase in the H/L ratio. Previous studies illustrate an increase in the H/L ratio after broilers were exposed to hot temperatures, 39
• C (Altan et al., 2000) , 34
• C (Aksit et al., 2006) , and 41
• C (Borges et al., 2004) . The H/L ratio has been used as a reliable indicator of stress in birds (Altan et al., 2000) . Birds in the current study experienced a strong tendency interaction with an increase in H/L ratio with higher temperature and humidity, indicating birds were stressed. These results are not in agreement with previous turkey studies (Xin et al., 1992; Yahav et al., 1995) , which illustrated the absence of a humidity effect. H/L ratios are more responsive in the presence of a long-term stressor (Gross and Siegel, 1983) . It is uncertain whether the turkeys in this study experienced such a stress, given that they were exposed to the treatment conditions for 8 hours. Although after 2 h, Aksit et al. (2006) observed an increased H/L ratio for broilers exposed to 34
• C. Nevertheless, the birds exposed to the hot and humid treatments in this study illustrated an increase in H/L ratio indicative of welfare concerns.
Studies • C). A decline in pH results in protein denaturation, which affects color, water-holding capacity, and textural properties, which are characteristic of PSE meat (Lesiow and Kijowski, 2003) . Aksit et al. (2006) found a negative correlation between pH and L * and a * . Although initial (slurry method) and final (slurry and probe method) breast and thigh pH were lower for hot treatments in this study, L * was lower for the breast. The findings regarding changes in turkey meat quality following heat exposure are not as consistent as broilers. Other turkey studies have observed lower pH, but no change in color between 30
• C and a control treatment (Northcutt, 1994) or no change in pH or color following one h of heat stress at 42
• C (Froning et al., 1978) . Inconsistencies between turkey studies may be due to changes in bird genetics and/or differences in procedures (treatment temperature and time duration). In contrast to breast lightness, the breast redness (a * ) value was highest for the 35 • C and 30% RH treatment compared to other treatments, which has been previously documented (Askit et al., 2006) . Despite disagreement in breast color results, lower initial and final breast and thigh pH values suggest hot exposure caused changes in the biochemical properties of the meat.
Changes in turkey hen physiology measures (CBT, live shrink, and H/L ratio) and meat quality measures (breast and thigh pH) indicated that the hot exposure conditions had a negative impact on bird well-being. Further, the CBT of toms suggest that males may be more sensitive to hot treatments compared to hens. Differences observed between hens and toms are most likely due to differences in body weight. The larger size of the toms presents challenges in their ability to thermoregulate due to their relatively smaller surface area from which to dissipate heat (MacLeod and Hocking, 1993; Dawson and Whittow, 1994; Chaing et al., 2008) . Broiler studies have illustrated differences in responses by males and females, with males being more severely affected (Bayliss and Hinton, 1990; Whiting et al., 2007; Dadgar et al., 2011) , presumably because of weight differences.
While birds in this study were not exposed to controlled levels of all the typical transportation conditions (test conditions did not emulate typical levels of vibration, noise, airflow, and light), these results provide insight into the effects of high temperature and humidity on market-age turkeys crated at a transport density. It is possible that the additional transport stressors mentioned above would have an additive effect, but the degree of effect is unknown. Future transport studies could look into these stressors in combination or alone in relation to bird physiology, welfare, and meat quality.
It is reasonable to expect that birds within commercial-transport conditions will experience a variety of novel conditions prior to the actual transport event. It is important to acknowledge that the manipulation that occurred in this experiment before birds entered the chamber (i.e., feed and water withdrawal and the short transportation between buildings/room) may have been stressful and may have affected the birds' responses. Nevertheless, all birds experienced the same sequence of novel events, allowing comparison of the treatments.
In conclusion, the hot temperature and high humidity had a negative impact on turkey physiology and meat quality. These changes have welfare and economic implications. It was evident that turkeys exposed to the hot conditions in this study experienced heat stress as demonstrated by a greater increase in CBT, greater live shrink, a larger H/L ratio, and lower breast and thigh pH. Turkeys, whether hens or toms, but especially toms, should not be exposed to temperatures at or above 35
• C when they are confined in transport-like conditions.
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